Abstract E-selectin was evaluated for its ability to support neutrophil adhesion under conditions of flow. At a wall shear stress of 1.85 dyn/cm2, neutrophils were found to attach to E-selectin expressed on the apical surface of L cell monolayers. The initial intercellular contact was most often evidenced by neutrophils rolling on the monolayer at a mean rate of -10 ,um/s. Anti-Eselectin monoclonal antibody, CL2 /6, inhibited this interaction by > 90%. Rolling neutrophils often transiently stopped, but in contrast to the behavior on stimulated endothelial cells, they remained spherical in shape and did not migrate on or beneath the monolayer. A possible contribution of neutrophil L-selectin to this interaction was indicated by the findings that anti-L-selectin monoclonal antibody, DREG-56, inhibited E-selectindependent adhesion under flow by > 65%, and there was a highly significant correlation between surface levels of L-selectin and E-selectin-dependent adhesion under flow. E-selectin also appeared to support neutrophil adhesion to IL-lfl-stimulated endothelial cells under conditions of flow, but it accounted for only n 30% of the level of adherence, in contrast to L-selectin which accounted for > 65%. Thus, both L-selectin and E-selectin can support neutrophil adhesion at wall shear stresses that preclude intercellular adhesion molecule-I-dependent adhesion, and they participate in neutrophil adherence to stimulated endothelial cells under conditions of flow. (J. Clin. Invest.
Introduction
Intravital microscopy has revealed neutrophils rolling along the endothelial lining ofpostcapillary venules (1) (2) (3) (4) (5) (6) (7) (8) . This phenomenon is particularly evident during the early stages of an acute inflammatory process, where rolling neutrophils often stop, change shape, and migrate through the endothelium. Leukocyte rolling may represent a necessary phase for efficient localization of the neutrophils at inflammatory sites, but the molecular mechanisms that account for this phenomenon have not been completely defined. Lewinsohn et al. (9) and Jutila et al. ( 10) provided evidence that L-selectin expressed on neutrophils participates in the accumulation of these leukocytes at sites of acute inflammation. Kishimoto et al. ( 1 ) proposed that L-selectin was necessary for the initial adhesion to endothelium and is subsequently downregulated as adherent neutrophils are stimulated to emigrate. In support of this concept, we found that mAbs against L-selectin reduced by > 60% attachment of neutrophils to activated endothelial cell monolayers under conditions of flow, and there was a direct correlation between adhesion at a wall shear stress of 1.85 dyn/cm2 and the levels of L-selectin on the neutrophil surface (12) (13) (14) . Anti-L-selectin mAbs used in a rabbit model of inflammation (15) , and polyclonal antibodies against L-selectin in a rat model ( 16) reduced the quantity of rolling neutrophils in postcapillary venules. Recombinant soluble L-selectin also exhibited antiinflammatory activity through some unknown mechanism when administered to mice systemically (17) . Apparently L-selectin-mediated adhesion, under conditions of flow, complements the function ofCD I 8-integrins in that L-selectin contributes to the initial adhesion and CD1 8-integrins support transmigration of adherent neutrophils.
Adhesion of previously unstimulated neutrophils to endothelial cell monolayers in vitro occurs only if the endothelial cells have been stimulated (e.g., with TNFa or IL-13) ( 12, 13, 18) . The newly upregulated factor(s) on the endothelial cell with which L-selectin interacts are unknown. In addition to stimulating increased synthesis of intercellular adhesion molecule-1 (ICAM-1 )1 ( 19, 20) , cytokine treatment of endothelial cells induces expression of the two other members of the selectin family P-selectin and E-selectin (21, 22) , and a L-selectin ligand (23) . In the present report we address the hypothesis that E-selectin can support the initial adhesion of neutrophils to activated endothelial cells under conditions of flow in vitro at wall shear stresses beyond which ICAM-1 /CD1 8 mechanisms can function. E-selectin appears on the cell surface within 2 h after cytokine stimulation (21 ) , and has been shown to support neutrophil adherence under static (21 ) and nonstatic (i.e., rotating, agitation) conditions in vitro (23) . In addition, anti-E-selectin has been found to reduce neutrophil accumulation in inflammatory sites in rats (24, 25) and monkeys in vivo (25) . No evidence has been published, though, showing that E-selectin can catch neutrophils flowing past endothelial cells at venular wall shear rates.
Methods
Isolation ofneutrophils. Neutrophils were purified from citrate anticoagulated, dextran-sedimented venous blood samples of healthy adult donors over Ficoll-Hypaque gradients and were suspended in Dulbecco's PBS (GIBCO, Grand Island, NY), pH 7.4, containing 0.2% dextrose as previously described ( 13). Isolated neutrophils were maintained at 40C for up to 4 h at a concentration of 107/ml. Neonatal neutrophils were isolated from cord blood. Placentas from vaginal deliveries of healthy mothers in the absence of general anesthetics and with Apgar scores of > 8 at 1 and 5 min were collected in the delivery suites. Venous blood was collected, citrate anticoagulated, diluted with equal amounts of PBS, dextran sedimented, and isolated as described above. Hematological staining (NeatStain, Biochemical Sciences, Bridgeport, NJ) revealed that > 95% of the isolated polymorphonuclear leukocytes were neutrophils. Of these cells typically > 99% were viable (excluded tryphan blue) and practically all possessed unstimulated spherical geometry.
In some experiments, neutrophils were activated by stimulation with chemotactic tripeptide FMLP (10 nM) at room temperature for 15-25 min. At the end ofthe activation period the cell suspension was either diluted 10 times with culture medium M 199 (preheated to 370C and pH of 7.4 in tissue culture incubator) or washed twice in PBS to remove the stimulant, and incubated an additional 10 min without stimulant. With either method the abrupt decrease in the concentration of the chemotactic factor caused a reversal in neutrophil shape from bipolar to slightly ruffled and spherical. This step was important since bipolar neutrophils are at a disadvantage when compared with unstimulated spherical neutrophils for adhesion and especially rolling under conditions of flow.
In some experiments, isolated neutrophils at I07 cells/ml were incubated with neuraminidase (Boerhinger-Mannheim Biochemicals, Indianapolis, IN) at 0.1 U/ml for 30 min at room temperature, washed, and resuspended in PBS. Control neutrophils used in these experiments were exposed to similar steps without exposure to neuraminidase.
Monoclonal antibodies. The mAbs used in these studies include preparations of IgG, IgM, and F(ab')2 fragments. The anti-CD18 mAbs, R15.7 (IgGl ) (26) and TSl / 18 (IgGl ) (27) , were prepared as previously described. An mAb to L-selectin, DREG-56 (IgG 1), was prepared as previously described (28) . CL2/6 (IgG1), anti-human E-selectin was prepared as previously described (29) . F(ab')2 fragments of CL2/6 were used in antibody inhibition assays (30) . Antisialyl Lewis X (sLex) mAb (IgM) was prepared from CsLeX cell line obtained from American Type Culture Collection (Rockville, MD). All mAbs used in this study were titered using flow cytometry (FACScan, Becton Dickinson & Co., Mountain View, CA) to determine the concentration that saturated surface binding sites of unstimulated and stimulated cells as previously described ( 12, 13) . TSI / 18, R15.7, and DREG-56 were used at 10 ,ug/ml and CL2/6 F(ab')2 was used at 20 ,ug/ml.
Preparation ofhuman umbilical vein endothelial cells. Human umbilical vein endothelial cells (HUVEC) were harvested and characterized as to acetylated LDL binding and factor VIII expression according to established techniques as previously described (31 ) . Primary venular endothelial cells from 5-10 umbilical cords were pooled and plated in M199 containing 10% FCS and 10% BSA (Hyclone Laboratories, Logan, UT), 5% penicillin-streptomycin (GIBCO) 5% Fungizone (GIBCO), 0.1 mg/ml heparin (Sigma Chemical Co., St. Louis, MO), and endothelial cell growth factor (Sigma), and maintained for 3-4 d at 37°C, 5% CO2 humidified atmosphere. Visually confluent monolayers on gelatin (0.1%, Sigma) and fibronectin (5 jig/cm2, Calbiochem Corp., San Diego, CA) coated 24 x 50-mm rectangular glass coverslips (special order from Bellco, Vineland, NJ) were prepared from first passage cells harvested with 0.05% trypsin and 0.02% EDTA in PBS (GIBCO). HUVEC were pretreated with IL-1,B (Calbiochem) at 3 U/ml for 4 h in ELISA and at 5 U/ml for 3 h in adhesion assays.
Transfection ofL cells. Human E-selectin cDNA (generous gift of Dr. B. Seed, Harvard Medical School, Boston, MA) was subcloned into the mammalian expression vector pMRB101 (32) , which contains a human cytomegalovirus promoter and the Escherichia coli gpt gene. L cells were transfected by electroporation and selected for resistance to mycophenolic acid (33) . Cells stably expressing E-selectin were selected by three rounds of staining with the CL2 anti-E-selectin mAb followed by fluorescence Adherence assay under conditions offlow. Neutrophil adhesion to IL-I #-stimulated endothelial cells was assessed as previously described ( 18, 34) . Briefly, passage one HUVEC were grown to confluency on gelatin-fibronectin-coated coverslips, stimulated with IL-1I# (5 U/ ml) for 3 h, rinsed in serum-free medium (M 199) , mounted in parallel plate flow chambers, and perfused for 5-10 min with M199 (rinse step). Neutrophils were placed at room temperature for 15-25 min, then stimulated with FMLP, and/or incubated with mAb when indicated. The concentration of the mAbs was maintained throughout the experiment. The neutrophil suspensions were passed through the chamber at a wall shear stress of 1.85 dyn/cm2, and the interaction of neutrophils with the endothelial monolayer was observed under phasecontrast microscopy (Diaphot-TMD, Nikon Inc., Garden City, NY) for 10 min and recorded on video tape. A minimum of 10 digitized frames (Perspective Systems, Inc., Houston, TX) of different fields of view from the last minute of the videotaped experiments (9-10 min in neutrophil perfusion period) were used to determine the number of neutrophils that remained in contact with the monolayer. Neutrophils adherent on the luminal surface of the monolayer possessed spherical geometry and appeared as phase-bright objects whereas those migrated to the subluminal space were flattened and appeared as phase dark objects as previously documented (34) . Adhesion was defined as the total number of neutrophils in contact with endothelium (rolling or stationary on the luminal surface and migrated to the subluminal space). The number of migrated neutrophils represented those adherent neutrophils that had migrated and the ratio ofmigrated neutrophils to total adherent neutrophils was used in calculation of the percent of adherent neutrophils transmigrated.
Adhesion assays with monolayers of L cells transfected with cDNA for human E-selectin (L-ELAM) were carried out essentially as described in endothelial cell experiments with the modification that, since L-ELAM monolayers contained phase-bright refractile bodies, the field of view was maintained at the same location (in the middle of the flow chamber) throughout the 10-min neutrophil perfusion period. Entire experiments were recorded on videotape and analyzed using digitized background subtraction imaging techniques, where the initial frame of the monolayer was digitized and continuously subtracted from the image of the field of view. Under these conditions the neutrophils adherent or rolling on the monolayer appeared as phase-bright objects against a gray back ground. The number of the neutrophils adherent (rolling and stationary) at the end of the 10-min neutrophil perfusion period was used as the adhesion value and converted to neutrophils per square millimeter.
Monolayers were preincubated with CL2/6(Fab')2 at 20 jig/ml for 30 min at 37°C, 98% humidity, 5% CO2 incubator. Anti-E-selectin mAb was also maintained in rinse media and neutrophil suspension. All flow experiments were performed at 37°C.
Rolling velocity measurements. Tapes from experiments on L-ELAM monolayers were used in the analysis ofrolling velocity. Recordings from 5 to 10 min in neutrophil perfusion were used in a digital imaging program which grabbed and digitized two frames 1-5 s apart and subtracted the later image from the earlier one. The program was set to show all null values as gray, positive values as white, and negative values as black. When there was no change in the image and the two frames were identical, the subtracted image would appear as a uniform gray screen. When neutrophils, which appeared as phase-bright objects in the original recording, moved from one location to a another, the initial location would appear as a dark spot (since the final image was darker than the initial image in that location) and the second location would appear as a bright spot (since the final image was brighter than the initial image in that location). An example of this analysis is shown in Fig. 2 A. This Figure is the collection of five of subtracted images made at intervals of 1, 2, 3, 4, and 5 s. The average displacement ofthe neutrophil was measured in pixels, divided by time interval between the frames, and converted to micrometers per second. were associated with the monolayer; n = 10). Pretreatment of L-ELAM cell monolayers with anti-E-selectin mAb almost completely blocked adhesion ( Fig. 1 A) , indicating that the interactions of neutrophils with these cells is essentially Adhesion of isolated neutrophils to L-ELAM monolayers involved rolling and stopping ( Fig. 1 B) . The neutrophil populations identified in this system included (a) neutrophils rolling on the luminal surface, (b) neutrophils attached and stationary on the luminal surface, and (c) neutrophils passing through the chamber without contacting the monolayer. These three populations were in dynamic exchange. As new neutrophils adhered to the monolayer, some would roll and move downstream with the flow, and others would stop at the point of adhesion or shortly thereafter; stationary neutrophils would suddenly roll and rolling neutrophils would stop. At times, stationary or rolling neutrophils would detach from the monolayer and move away with the flowing fluid. The total number of adherent neutrophils was evaluated as the sum ofthe rolling and stationary cells and comprised < 1% of the neutrophils which passed through the chamber.
E-selectin supports neutrophil rolling under conditions of flow
In six experiments analyzed for the rolling phenomenon over a 1-5-s time frame, 47.8±6.0% of the adherent neutrophils were rolling (Fig. 2, A and B) . The average velocity of rolling for the rolling population was 10.6±1.7 ,um/s, and under phase-contrast optics, these cells resembled solid translucent spheres rolling on the luminal surface of the monolayer. As these spheres were turning, the internal granules would transiently come to (Fig. 3 A) . This inhibition was much lower than that observed on L-ELAM cell monolayers where adhesion was almost completely E-selectin dependent. H 18 /7 a second anti-E-selectin mAb, provided by Dr. M. A. Gimbrone of Harvard Medical School, Boston, MA, resulted in a similar reduction in adhesion (adhesion to CL2/6 F(ab')2-treated endothelial cell monolayers was 67.8% of control, n = 14, and adhesion to H18/7 F(ab')2-treated monolayers was 69.4% of control, n = 2). Pretreatment of neutrophils with anti-L-selectin caused a more substantial reduction in adhesion than anti-E-selectin (P < 0.01 unpaired two tailed t-test against anti-E-selectin percent inhibition) (Fig. 3 A) . Adhesion was not reduced further when anti-L-selectin-treated neutrophils were allowed to contact anti-E-selectin-treated endothelial cell monolayers.
Adherent neutrophils on HUVEC monolayers were either rolling or stationary and, as seen with L-ELAM cells, these two populations of leukocytes were in active exchange with the flowing population. However, an important difference was found. Most stationary neutrophils on HUVEC monolayer became activated, exhibiting shape change and transendothelial migration ( 1 2, 13, 18) (Fig. 3 B) . Though anti-E-selectin mAb 
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Control mAb tin apparently reduced the number of extravasated neutrophils simply by reducing the number of adherent cells on the luminal surface (Fig. 4) . In contrast, anti-CD 18 and anti-ICAM-1 mAbs have been shown to reduce the percentage of the adherent cells transmigrated by blocking transendothelial migration without influencing the quantity of the neutrophils adherent on the luminal surface of the endothelium ( 12, 13, 18, 34).
Possible neutrophil determinants of E-selectin-dependent adhesion under conditions offlow Effects of anti-L-selectin mAb. Kishimoto et al. (29) and
Picker et al. (32) have provided evidence for participation of E-selectin and neutrophil L-selectin in a common adhesion under static conditions. We have recently shown that a major component of neutrophil-endothelial cell adhesion under conditions of flow (wall shear stress of 1.85 dyn/cm2) is supported by a L-selectin-dependent mechanism ( 12, 13) . We, therefore, assessed the possible contribution of L-selectin under experimental settings where adhesion is primarily E-selectin dependent. Pretreatment of isolated neutrophils with anti-L-selectin mAb (DREG-56) markedly inhibited adhesion to L-ELAM monolayers under conditions of flow (Fig. 1 A) . Incubation of neutrophils with anti-L-selectin at 37°C did not appear to activate the cells since it did not elicit shape change, loss ofL-selectin from cell surface, upregulation ofCD 1 lb/CD 1 8, change in light scatter in flow cytometry, Ca++ flux in fura-2-loaded cells or chemiluminescence after cross-linking of DREG-56 (data not shown).
Adhesion ofneonatal neutrophils. We have recently found that neonatal neutrophils have reduced adhesion to activated endothelial cells under conditions of flow ( 14) . Neonatal cells adhered and rolled on E-selectin cell monolayers at significantly lower levels than paired adult cells with adhesion levels of 52.8±5.5% of the adult neutrophils (P < 0.001, Fig. 5 A) , and the adhesion of neonatal neutrophils was significantly correlated with their surface levels ofL-selectin (37 flow cytometry. A highly significant correlation was obtained when adhesion to L-ELAM monolayers was plotted against anti-L-selectin binding (Fig. 5 B) . In a second set of experiments comparing the neonatal and adult neutrophils, neuraminidase treatment of the neutrophils resulted in marked reduction in adhesion to L-ELAM monolayers (Fig. 6) without affecting the surface level of neutrophil L-selectin. While these results are consistent with the interpretation that sLex is necessary for adhesion of neutrophils to E-selectin under conditions of the flow, additional observations indicate that most surface sLex may not be involved. Fig. 7 shows a plot of CSLEX (anti-sLex) binding to neutrophils against adhesion under flow. The correlation is weaker than that seen between anti-L-selectin binding and adhesion (Fig. 5 B) .
Effects ofchemokinetic stimulation ofneutrophils. We have previously shown that chemotactic stimulation of neutrophils reduces neutrophil adhesion to cytokine-stimulated endotheIial cell monolayers under conditions of flow. As shown in Fig.  1 A, this is also true for adult neutrophils on L-ELAM monolayers. After incubation with chemotactic peptide FMLP (10 nM) for 25 min ( 13), the concentration of FMLP was reduced either by diluting it to I nM or by washing the cells to reduce FMLP to very low concentrations. This drop in the chemotactic stimulus resulted in the activated neutrophils changing from a bipolar shape to a spherical shape capable of rolling on monolayers. Under these conditions adhesion under flow was reduced by -60%. The residual adhesion that occurred ( (Fig. I A) where adult and neonatal neutrophils were compared. Neonatal cells again adhered at much lower levels than the adult cells before activation (P < 0.01). Chemotactic activation brought adhesion of both adult and neonatal neutrophils to the same low level which was significantly below their corresponding prestimulated values (P < 0.01 ). L-selectin surface levels were also significantly reduced following activation (Fig. 8 B) . However, chemotactic stimulation under conditions shown to significantly reduce L-selectin levels and adhesion (Figs. 1 A and 8) , did not significantly reduce CSLEX (anti-sLex) binding. Effects ofchemotactic stimulation on neutrophil rolling. In addition to the fact that neutrophil stimulation leads to a Anti-sLeX Binding Level Figure 7 . Adhesion of neonatal and adult neutrophils to L-ELAM cell monolayers at the wall shear stress of 1.85 dyn/cm2 as a function of sLeX expression. Confluent monolayers of L-ELAM cells were assembled onto parallel plate flow chamber, rinsed for 10 min with M 199 at a wall shear stress of 1.85 dyn/cm2, and perfused for 10 min with neutrophil suspension in M 199 (106 cells/ml). Adherent neutrophils per mm2 were determined by digital analysis of video tapes of each experiment. sLe' expression was assessed by anti-sLex mAb binding levels using flow cytometric techniques and is expressed in units of fluorescence. Some correlation apparently exists between adhesion and sLex cell surface levels of neutrophils with coefficient of correlation of 0.408 and P < 0.05. 2726 Abbassi et al. 4±2% adhesion; FMLP, 10 nM; 19±3%, n = 4, P < 0.01) a finding that is consistent with the interpretation that some murine cell surface component is recognized by CD1 8-integrins. CD I Ib/CD 1 8 has been found to bind to a wide array of apparently unrelated proteins, and its avidity is enhanced by chemotactic stimulation (39) .
Discussion
In this report we have shown that E-selectin expressed on a cell monolayer can support neutrophil rolling under conditions of flow with wall shear stresses that preclude ICAM-1 -dependent adhesion. This conclusion is primarily based on the observation that isolated human neutrophils adhered and rolled on human E-selectin-transfected murine L cell monolayers at a wall shear stress of 1.85 dyn/cm2, but failed to interact with ICAM-1 -transfected L cells at the same wall shear stress, even though ICAM-1 expressing L cells has been shown to support activated neutrophil adhesion under static conditions (40) . These observations serve to point out the possible significance of fluid flow forces on the relative contribution of these two adhesion molecules in the interaction of neutrophils with endo- (34) found that mAb R6.5 (anti-ICAM-1) was without effect on adhesion of neutrophils to IL-1 /-stimulated endothelial monolayers at a wall shear stress of 2.0 dyn/cm2, and purified ICAM-1 in a planar membrane did not support rolling at this flow rate (42) .
While these results indicate that E-selectin is capable of supporting neutrophil adhesion under flow, they do not show that E-selectin serves this function when expressed on endothelial cells. In this regard, there were some potentially important differences in experimental results between the condition with artificial presentation of E-selectin on L cell monolayers, and the results with cytokine-stimulated endothelial cell monolayers. The first was that while anti-E-selectin precluded adhesion to L-ELAM, anti-E-selectin mAbs diminished neutrophil adhesion to IL-l1/-stimulated endothelial cell monolayers by only -30%. This finding contrasts to the results with anti-Lselectin mAb, where inhibition is consistently> 60% in studies with both human (13, 14) and canine cells (12) . Our current studies indicate that, while endothelial E-selectin is involved, the interaction between neutrophils and stimulated endothelial cells occurring at physiologic wall shear stresses is more complex than could be predicted by the results with L-ELAM cell monolayers.
Another important difference between the results on L-ELAM and activated HUVEC was the finding that though rolling was the initial behavior of adherent neutrophils in both settings, leukocytes on L-ELAM monolayers retained a spherical shape and rolled with only transient stopping, while leukocytes on endothelial cells most often stopped after rolling, changed shape, and a high percentage migrated beneath the monolayer. This difference suggests that though E-selectin expressed on the apical surface of a cell monolayer may be able to initiate neutrophil adhesion under flow, it is insufficient to activate the behaviors neutrophils need for diapedesis. While some apparent contradictions exist in the literature regarding the role of E-selectin in transendothelial migration of neutrophils (29, (43) (44) (45) (46) , our experiments fail to provide any evidence that E-selectin is directly involved.
Given the results in the present report, it is now clear that each member of the selectin family is capable of supporting neutrophil rolling, a phenomenon that has been known for many years to occur in venules at inflammatory sites. Neutrophils roll in vitro on isolated P-selectin in an artificial planar membrane (42) at 5-10 .m/s when the wall shear stress is 1.8 dyn/cm2, and on L-ELAM cell monolayers at 10 ,m/s when the wall shear stress of 1.85 dyn/cm2. On IL-1lp-stimulated HUVEC monolayers, isolated neutrophils roll at -10,um/s when the wall shear stress is -2 dyn/cm2. The need for an adhesive mechanism initiating the rolling attachment is clearly shown by the observations with flowing glass beads where rolling did not occur even at the very low shear stress of 0.02 dyn/cm2. E-selectin-dependent rolling was particularly evident in adhesion to L-ELAM monolayers where a high percentage of cells was rolling during the 1-5-s analysis periods. Comparing the calculated velocity of a rolling noninteracting sphere at a wall shear stress of 1.85 dyn/cm2 ( 2,000 ,gm/s) and the measured velocity of rolling neutrophils on L-ELAM monolayers (-10 ,um/s) demonstrates the contribution ofthe E-selectin-dependent pathway in resisting the forces generated by the flowing fluid. An additional contribution to the adhesive interaction between neutrophils and L-ELAM monolayers occurred when neutrophils were stimulated with a chemotactic factor prior to passing them over the L-ELAM monolayer. Though this stimulation greatly reduced the number of leukocytes interacting with the monolayer, the rolling velocity of those that did interact was significantly reduced. The diminished velocity was most likely coupled to upregulated CD 18 integrin function since the effect of chemotactic stimulation was prevented by anti-CD 1 8 mAb, R 15.7. These mechanisms may be operative at the endothelial interface in the transition of neutrophil behavior from rolling to stationary adhesion.
In our previous studies, optimum adhesion of neutrophils to endothelial cells under flow occurred only when previously unstimulated neutrophils were passed over IL-1 f or LPS stimulated endothelial cells ( 12-14, 18, 34) . Greater than 60% ofthe adhesion appeared to be the result of neutrophil L-selectin as evidenced by the findings that mAbs to L-selectin cause > 60% inhibition, mAbs against the f2-integrins (CDl la/CD 18 and CDl lb/CD 18) were without effect, chemotactic stimulation under conditions shown to shed surface L-selectin caused > 60% inhibition of adhesion, and a high degree of correlation was found between the levels of L-selectin on the surface of partially stimulated neutrophils and their adhesion under flow ( 13). An adhesive function for neutrophil L-selectin has also been argued to occur in vivo ( 16, 17) , and the surface levels of neutrophil L-selectin appear highly correlated with the extent of neutrophil rolling on cytokine-stimulated venules ( 13, 14) . By using these same experimental protocols with L-ELAM monolayers, we have obtained in the present studies data that are remarkably similar to those on cytokine stimulated endothelial cell monolayers. These results raise the possibility that neutrophil L-selectin is involved in the adhesion of neutrophils to E-selectin.
Kishimoto et al. (29) and Picker et al. (32) have raised the possibility that L-selectin and E-selectin contribute to a common adhesive pathway, explained by two interesting findings. L-selectin on neutrophils is decorated with sLeX (32), a putative natural ligand for E-selectin (36) , and L-selectin is not randomly distributed on the surface of neutrophils. Rather, L-selectin appears to be concentrated on the tips of surface projections from unstimulated neutrophils (32), a position that is particularly advantageous for early contact with counterreceptors on the surface of endothelial cells. The results in the present report are consistent with the idea that L-selectin and E-selectin interact under flow conditions, and thereby account for a significant portion of the adhesion seen between neutrophils and L-ELAM cell monolayers at the wall shear stress used in these experiments. The following results support this interpretation: (a) Anti-E-selectin mAb, CL2/6, was almost completely inhibitory indicating that the primary adhesion in this setting is E-selectin dependent. (b) Pretreatment of the neutrophil with neuraminidase under conditions that almost abolished binding of CsLeX mAb (without affecting the levels ofL-selectin on the neutrophils) prevented this adhesion.
This finding is also consistent with a primarily E-selectin-dependent mechanism since sialic acid is a necessary residue for high affinity binding of sLex by E-selectin (36) . (c) Anti-L-selectin mAb inhibits this adhesion by 70%. The basis for this inhibition is unlikely to be due to the antibody's ability to block the lectin function of L-selectin since there was no evidence that L-selectin recognized a carbohydrate structure on the control L cells or L-ICAM cells, and since neuraminidase pretreatment ofthe neutrophils also reduced neutrophil adhesion to an equal or greater degree. Two possible explanations are that when DREG-56 is bound to the neutrophil, it physically hinders E-selectin's ability to bind to sLe' on L-selectin, or it activates the neutrophil to induce the same mechanism of reduced adhesion as chemokinetic stimulation (see below). However, as pointed out in the results, we have been unable to show that DREG-56 signals the neutrophil for altered behavior.
Stimulation of neutrophils with different chemotactic factors ( 1 1-14, 29, 47, 48) under conditions that induce shedding of L-selectin from the neutrophil surface (without a significant reduction of CsLeX mAb binding) inhibited adhesion to both L-ELAM or activated HUVEC to the same degree as the anti-L-selectin mAb. The observation that removal of L-selectin can be accomplished without significant reductions in cell surface sLeX may be accounted for by the fact that L-selectin contains only a small percentage oftotal cell sLex (32) . It must be pointed out that the use of FMLP stimulation to manipulate neutrophil adhesion is difficult to interpret since the activation may be superimposed on potential activation of the neutrophils by the M 199 in which the cells are suspended. This culture medium contains micromolar ATP, a concentration that has been found to activate neutrophils via their P2 purinoreceptors (49) (50) (51) . In addition, the loss of L-selectin may only be a marker of activation, with coincident loss of some other relevant ligand for E-selectin accounting for the reduced adhesion. However, given the findings that anti-L-selectin gives essentially the same degree of reduced adhesion as the FMLP stimulation under the current experimental conditions, and anti-Eselectin reveals an L-selectin-independent mechanism for adhesion of neutrophils to both L-ELAM and activated HUVEC, it remains a reasonable interpretation that FMLP, C5a, and platelet-activating factor each reduce adhesion of neutrophils under conditions of flow by reducing the surface levels of L-selectin (1 1-14, 29) .
A fifth issue possibly supporting direct interaction between L-and E-selectin is the result using neonatal neutrophils. These cells have reduced surface levels of L-selectin ( 14), and show a reduced level of adhesion to L-ELAM cell monolayers that is proportional to the surface level of L-selectin. The correlation between surface L-selectin and adhesion under flow was much stronger than the correlation between total surface levels of sLex and adhesion. It remains possible that another ligand for E-selectin (e.g., CD66) (52) changes in unison with L-selectin on neonatal cells, and our analysis only creates the illusion that L-selectin is involved. The fact that the reduction in adhesion of neonatal neutrophils to activated HUVEC was of the same degree as to L-ELAM suggests that similar mechanisms are involved.
The results in this report are consistent with the interpretation that most ofthe adhesion ofneutrophils to cytokine-stimulated HUVEC monolayers under conditions of flow in vitro involves L-selectin and E-selectin. There appears to be at least three patterns of interactions involving these selecting: L-selectin-dependent, E-selectin-independent adhesion; L-selectinindependent, E-selectin-dependent adhesion; and interactions of E-and L-selectin. In our experimental model with cytokinestimulated HUVEC monolayers, the first of these patterns seems to be most evident. Anti-L-selectin was much more inhibitory of neutrophil adhesion to activated endothelial cells under flow than anti-E-selectin suggesting that neutrophil Lselectin may recognize a structure on the activated endothelial cells that was not present on the L-ELAM monolayer. The relative contribution of the L-selectin-dependent component ofthis adhesion is consistently greater than the L-selectin-independent component. Watson et al. (17) found that a soluble recombinant form ofL-selectin exhibited antiinflammatory activity in mice, and proposed that this effect was due to competition for a ligand expressed on activated endothelial cells at the site of inflammation. In our model using E-selectin-transfected L cells, interaction of E-and L-selectin seems to be most evident. In contrast, the experimental strategies that restricted L-selectin's contribution to adhesion under flow were not as effective in this E-selectin based adhesion as anti-E-selectin mAb, suggesting that neutrophil L-selectin with its associated sLex cannot account for all of E-selectin's ability to catch flowing neutrophils. Other sLex bearing antigens, such as CD66, can be responsible for this L-selectin-independent adhesion (52) . It remains to be seen which ofthese patterns will predominate in vivo in different vascular beds.
